Eschevichia cofi strains causing human extra-intestinal infections may be divided into two groups, B, and B, according to the electrophoretic patterns of carboxylesterase B. This study compares the restriction fragment length polymorphism (RFLP) of ribosomal DNA (rDNA) for 45 B, strains and 45 B, strains to examine the genetic structure of B, strains and to distinguish them from B, strains. The isolates were chosen for diversity in their allozymes of esterases, B, A, C and I, their production of virulence factors (a-haemolysin, mannose resistant haemagglutinin and cytotoxic necrotizing factor) and certain 0 antigens, and their pathological and geographical origins. DNA was digested with Hind111 and BamHI restriction enzymes and analysed by Southern blotting. The resulting rDNA RFLP patterns of B, strains were distinct from those of the B, strains. Moreover, the B, strains appeared to be less heterogeneous than the B, strains. The B, strains gave 13 ribotypes (resulting from the combination of the rDNA RFLP patterns obtained with Hind111 and BamHI digestions) while the B, strains gave 32 ribotypes. Correspondence analysis of the data showed that several clusters of strains were identified in the B, strains by particular ribotypes, certain associations of esterase B and A electrophoretic variants, 0 serotypes and virulence factor production. In contrast, these parameters appeared to be unrelated in the B, strains, reflecting their heterogeneity. These findings, which differentiate two levels of genetic heterogeneity within E. cofi pathogenic isolates, indicate that the B, strains constitute a phylogenetically distinct group within the species.
Introduction
We have previously established that Escherichia coli isolates from extra-intestinal infections may be divided into type B, (fast moving) and type B, (slow moving) according to the electrophoretic pattern of carboxylesterase B (Goullet & Picard, 1986a . Type B, strains express P-fimbriae, haemolysin and lethality in mice more frequently than type B, strains (Goullet & Picard, 19866; . Moreover, B, strains carry chromosomal Pfimbriae and haemolysin determinants whereas B, strains lack these loci . To substantiate the * Author for correspondence. Fax + 33 1 40 87 05 50.
Abbrer:iations : CA, correspondence analysis ; C N F 1, cytotoxic necrotizing factor; Hly, a-haemolysin ; M , electrophoretic mobility; MRHA, mannose resistant haemagglutinin ; rDNA, ribosomal DNA ; RFLP, restriction fragment length polymorphism. study of the genetic structure of the two groups of strains within the species, analysis of DNA regions remote from the loci encoding the virulence factors and esterase B is required.
Restriction fragment length polymorphism (RFLP) of ribosomal DNA (rDNA) (Grimont & Grimont, 1986) provides precise information on bacterial intra-and interspecies differentiation. The classification obtained with this method is in close agreement with that obtained by enzyme polymorphism in bacteria (Picard-Pasquier et a/., 1990; Picard et al., 1 9 9 1~; Denamur et al., 1991; Wood et al., 1992) .
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Methods
Bacterial strains. Ninety extra-intestinal E. coli strains isolated from urinary tract infections, septicaemia and other extra-intestinal infections in France, the USA, Canada, Japan and Australia were studied (Table 1 ). These strains were chosen for their diversity in the production of virulence factors (MRHA, Hly and CNF1) and in pathogenic serogroup (01, 0 2 , 0 4 , 0 6 , 0 7 , 0 8 , 015, 018 and 075) (Le Minor & le Coueffic, 1975; Vosti, 1979; De Rycke et al., 1987; Hacker et al., 1983; Orskov & Orskov, 1985; Goullet et al., 1993) . Each strain also exhibits a distinct electrophoretic type for esterases B, A, C and I (E, B A C I ) . Forty-five strains produce a type B, carboxylesterase B ( M , z 57 to M , z 63) (Goullet & Picard, 19866) . A further 4.5 strains produce a type B, carboxylesterase B ( M , z 68 to M , z 72).
rDNA RFLP analysis. Bacterial DNA preparation, gel electrophoresis of restricted DNA, Southern transfer and hybridization were performed as described previously (Picard-Pasquier et al., 1989) . DNA (3 pg) was digested with HindIII and BarnHI restriction enzymes (Boehringer), analysed by electrophoresis on submarine ethidiumbromide-containing 0.8 YO agarose gels and transferred to Hybond-N (Amersham) nylon membranes. DNA fragment-size marker MI1 (Boehringer) was used. Ribosomal 16+23S RNA from E. coli (Boehringer) was used as a probe and labelled by random oligopriming using a mixture of hexanucleotides (Pharmacia) and a reverse transcriptase (BRL) in the presence of 0.35 mM-DIG-1 1-dUTP (Boehringer) (Bingen et al., 1992) . DNA was hybridized overnight at 65 "C according to the Amersham instructions. Filters were washed with 0.15 M-NaCI, 0.015 M-sodium citrate pH 7.3 containing 0.1 YO SDS. Chemiluminescence was detected as described in the protocol provided by Boehringer. Membranes were incubated with an antidigoxigeninantibody linked to alkaline phosphatase and the alkaline phosphatase substrate AMPPD3. Autoradiographs of the filters were prepared by exposure to X-Omat film (Kodak) for 90 min at room temperature.
Statistical analysis. Data can be summarized by a two-way table of 90 rows (the strains) and 89 columns corresponding to (i) the rDNA fragment obtained after HindIII (H) and BarnHI (B) digestion, (ii) the number of allozymes detected in all strains (including the null allozyme) for each esterase, (iii) nine studied 0 serogroups and a column for the absence of 0 serogroup detected, and (iv) the presence or absence of MRHA, Hly and CNFl. The value of each cell is 1 (present) or 0 (absent). Two correspondence analyses (CA) (Lebart et al., 1984; Lerman, 1981 ; Greenacre, 1984; Tenenhaus & Young, 1985) were conducted, one with the rDNA RFLP data obtained after Hind111 digestion, one including all data. For the latter CA, the distances restricted to the vector subspace defined by the first six factors were used to draw a dendrogram resulting from cluster analysis. These computations were performed using a computer Data General MVIOOOO running with software from F. Tekaia, Informatique Scientifique de 1'Institut Pasteur, Paris, France.
CA is an eigenvector method of ordination similar to principal component analysis. It differs from the latter in the use of a covariance matrix based on X 2 distances rather than a covariance matrix based on Euclidean distances. Both techniques describe the dispersion and shape of a cloud of n objects or p variates in a multidimensional space by replacing the original data set by a new set of orthogonal linear coordinates in a space of significantly lower dimension. The explained variances of the elements of the data set are in decreasing order of magnitude with respect to these new coordinates. Furthermore, the variables used for CA are categories, whereas those used for principal component analysis are quantitative or continuous variables. For each CA the hierarchical classification was based on the first six factors of the analysis. The number corresponds to the structural and stable portions of the variance, whereas the rest of the variance is interpreted as random noise and thus is discarded in the hierarchial classification.
Results
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HindIII digestion produced four to eleven rDNA fragments with sizes of 1.4 to 22.5 kb (Fig. 1) . Their combination enabled 31 rDNA RFLP patterns (h, to h3,) to be distinguished within the 90 E. coli strains. BamHI digestion produced five to eight rDNA fragments with sizes of 6 to 22.5 kb (Fig. 2) . Their combination enabled 20 rDNA RFLP patterns (b, to b20) to be distinguished within the strains.
Comparison of rDNA polymorphism with esterase B typing HindIII rDNA RFLPpatterns. Projection of the strains in the plane defined by the first two principal axes of CA computed from the HindIII rDNA RFLP patterns indicated that the B, and the B, strains were clearly separated (Fig. 3) . Only two B, strains (SA592 and AV755) and two B, strains (TOR126 and AV19), exhibiting rDNA patterns h, and hlo, were not distinguished. The B, strains exhibited 10 distinct HindIII rDNA RFLP patterns and the B, strains showed 23 patterns (Fig. 1) . Among the B, strains, a particular subgroup of HindIII rDNA patterns h,, to h,, lacked the 22-5 and 21 kb rDNA fragments, had a particular pattern of five fragments from 13 to 6 kb, and also had 3.1 and 2.6 kb fragments in several strains.
BamHI rDNA RFLP patterns. Six BamHI rDNA RFLP patterns were detected in the B, strains and 15 patterns in the B, strains (Fig. 2) . The B, rDNA patterns were distinct from the B, ones (with the exception of the B, strain SA592, which had a B, rDNA pattern). Most (39) of the 45 B, strains showed a particular rDNA pattern (b,) with a 7.2 kb fragment. A total of 44 ribotypes were detected among the 90 strains by combining the results from HindIII and BarnHI digestion. The B, strains exhibited 32 ribotypes and the B, strains only 13. 
Statistical analysis
virulence factors and 0 serogroups on the first two axes indicated that the first axis F, separated the B, allozymes The first two principal axes defined by the CA including of esterase B, several rDNA fragments obtained after all data accounted for 18% of the total variance. digestion with HindIII and after digestion with BamHI, Projection of rDNA fragments, esterase allozymes, the production of virulence factors and serogroups 02, 
I 04, 0 6 , 018 and 075 from B, allozymes of esterase B, lack of virulence factor production and serogroups 0 7 , 0 8 and non-typable 0 strains. Projection of the strains onto plane F,, F2 (Fig. 4 ) indicated that the B, strains were clearly separated from the B, strains by the first axis F,. The B, strains also appeared to be more homogeneous. However, two groups could be identified : (i) the strains having esterase B allozymes B63 and B62 and ribotypes h6-bl (group l), and (ii) the strains having serotypes 0 4 and 0 6 and ribotypes h,-b, and h2-b, (group 2). The two strains which did not fit the rest of the B2 strains are strains AV19 and AUST3. Strain AV19 exhibited a HindIII rDNA RFLP pattern h,, as a B, strain and was distinguished on the positive values of the second axis F, whereas strain AUST3 was projected near the origin of the axes. These two strains produced a single virulence factor. The B, strains were more heterogeneous. A third particular group (group 3) having HindIII rDNA profiles h,, to h28 and h3, was identified on the negative values of axis F2.
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The dendrogram computed from the distance of strains obtained in the subspace of the CA indicated that the B, and the B2 strains were clearly differentiated into two major lineages at a distance of 312 (Fig. 5) . Several clusters appeared within the B2 strains ( Fig. 5a ): cluster A corresponded to 0 1 and 0 2 strains exhibiting ribotype h,-b, and allozymes B63, B62 and A78; cluster B corresponded to 0 4 strains having ribotypes h,-b, and h,-b, and esterase B60, esterase A78 or A75; cluster D corresponding to 0 6 strains having ribotypes h,-b, or h2-b,, esterase B57 and esterase A75; cluster C corresponded to 018 strains having ribotype h7-b, and esterases B57 and A78; cluster E corresponded to 075 strains exhibiting ribotypes h2-b,, h,-b, and h7-b, and esterase allozymes B67 and A78. The genetic homogeneity of the B2 strains tended to increase with the virulence factor production. Strains producing none, one or two virulence factors showed more ribotypes than the strains having three virulence factors ( Table 2 ). The frequency of virulence factor production varied from one cluster to another: 22 factors for the eight strains of cluster D, 25 for the ten strains of cluster B, 8 for the four strains of cluster E and 9 for the seven strains of cluster A. The B, strains were more heterogeneous (Fig. 5b) .
Discussion
The E. coli strains responsible for extra-intestinal infections differ in several phenotypic traits from those present in the commensal intestinal flora (Caprioli et al., 1983; Low et al., 1984; Johnson, 1991; Evans et al., 1981; Orskov & Orskov, 1985) . Analyses of the genetic structure of E. coli populations indicate that the majority of virulent isolates represent a limited subset of the lineage found among the whole species (Achtman & Pluschke, 1986) . Several attempts have been made to delineate the virulent strains by multilocus enzyme electrophoresis (Selander et al., , 1987 Caugant et al., 1983; Achtman et al., 1986) , or by analysing the phenotypic expression and/or genetic polymorphism of the virulence genes (Arthur et al., 1990; Plos et al., 1989) . A group of pathogenic strains within E. coli is readily characterized by the electrophoretic polymorphism of a single enzyme, carboxylesterase B (Goullet & Picard, 1986a Johnson et al., 1991) . The procedure is simple and easy to perform. Moreover, the strains producing pattern B, could be phylogenetically distinct from those producing type B, for two reasons. First, whereas on the basis of physicochemical considerations the molecular relationship between B, allozymes may be expressed in term of successive amino acid substitutions, no structural relationship between B, and B, allozymes can be drawn suggesting the occurrence of an important change in the balance of charge of the B, allozymes (Picard et al., 1987) . This difference could reflect major genetic events and consequently a significant phylogenetic distance between the strains of the two groups, as has also been seen in Providencia akaltfbciens Picard et al., 1991 a) . Second, the B, strains correspond to the phylogenetic group B2 delineated by allelic variation of 38 enzymes Herzer et al., 1990; Selander et al., 1987) . However, the above distinctions concern proteins, and a comparison of nucleic acid polymorphism is required to substantiate the genetic relatedness of the Bz strains within the species. Several studies have indicated that a comparison of enzyme polymorphism and DNA polymorphism can be used to discriminate between lineages within E. coli (Arbeit et al., 1990; Arthur et al., 1990) . By rDNA polymorphism, we have previously distinguished the haemolytic, haemagglutinating and lethal-for-mouse B, strains from the B, strains lacking these characteristics . The present study was carried out on a larger number of strains chosen to be representative of the whole diversity of B, and B, pathogenic isolates by their esterase polymorphism and their diversity in 0 serogroups and virulence factor production (see Methods). It unambiguously demonstrates that the B, and the B, strains are genotypically distinct because of the rDNA RFLP patterns obtained after digestion with BanzHI and Hind111 (Figs 1-3) . However, two B, and two B, strains cannot be distinguished after HindIII digestion and one B, strain (SA592) and one B, strain (TORl26) have the same B, ribotype (h,-b,) (Figs 1 and  2 ). Strain SA592 is the only strain in our panel of B, isolates that produces all three virulence factors. The clear delineation between the B, and B, strains confirms the fact that comparison of enzyme electrophoretic polymorphism and rDNA polymorphism can be used to differentiate between species or subspecies within several groups of bacteria : Yersinia (Picard-Pasquier et al., 1990) , E. coli (Arthur et al., 1990; Arbeit et al., 1990; Picard et al., 1991 b) , Providencia alcalifaciens (Picard et al., 1991a) , Branhamella (Denamur et al., 1991) and Neisseria meningitidis (Woods et al., 1992) . Ribotyping is less discriminating than the electrophoretic typing of esterases, as 44 ribotypes were detected among the 90 distinct esterase electrophoretic types (Et BACI). This has also been observed in E. coli (Arthur et al., 1990; Picard et al., 1991b) and in Yersinia (Picard-Pasquier et al., 1990) .
The present work indicates a difference in the genetic structure of B, and B, isolates. Thus, the greater homogeneity of the B, strains is roughly indicated by the fewer rDNA RFLP patterns obtained after HindIII (10) and BamHI (6) digestions and fewer ribotypes (1 3) than in the B, strains (23, 15 and 32 respectively). This observation is refined by comparing the rDNA polymorphism with other characters of the strains. The dendrogram computed from the data (Fig. 5a) indicates several clusters of strains within the major lineage of the B, group. The strains of each cluster display a single or very few serogroups, ribotypes and allozymes of esterases B and A, and have distinct numbers of virulence factors. The most virulent B, clusters are the 0 4 and 0 6 groups (clusters B and D), where the majority of strains produce the three virulence factors. The prevalence of these two serogroups in the strains responsible for septicaemia and their frequent production of virulence factors has been reported previously (Cherifi et al., 1990; Low et al., 1984; O'Hanley et al., 1985; Caprioli et al., 1987) . The present work indicates that these strains, which all have few ribotypes (h,-b, and h,-b,) , are genotypically homogeneous. The other clusters of B, strains, such as the 0 1 and 0 2 serogroup strains (cluster A), the 0 7 5 (cluster E) or the 018 strains (cluster C ) produce fewer virulence factors. Within each cluster, esterases I and C are more polymorphic (Table I) , as previously shown in several studies of the intraspecies differentiation of E. coli (Cherifi et al., 1990; . The concordance between rDNA restriction profiles and enzyme electrophoretic type based on the study of 13 metabolic enzymes was reported by Arthur et al. (1990) in uropathogenic strains, particularly in phylogenetic group IV. Interestingly, group IV strains have a particular frequency of the pap operon and its phenotypic expression (18 for 20 strains), which is the same in the B, strains (Johnson et al., 1991) . In contrast, the B, strains appeared to be more heterogeneous. A group of B, strains is distinguished by particular rDNA RFLP patterns after digestion by Hind111 (cluster A) (Figs 1, 3 and 5b ), but this group is as heterogeneous as the rest of the B, strains in terms of esterase polymorphism, serogroup or virulence factor production.
Comparison of the electrophoretic polymorphism of esterases and rDNA polymorphism indicated that there r D N A polymorphism in E. coli 3087 are three distance groupings between the esterase allozymes and rDNA RFLP patterns. First, the variant of esterases B, and those of B,, which were unreliable in terms of amino acid substitution (Picard et al., 1987) , correspond to two groups of genetically distinguishable strains. This correlation, which was previously demonstrated for esterase pa of P. alcalifaciens Picard et al., 1991a) , indicates that the study of physicochemical relationships within the allozymes of a given bacterial enzyme could constitute a valuable phylogenetic approach. Second, within the B, strains, some of the allozyme variations of esterase B correspond to major alterations in the rDNA patterns. Thus, allozymes B57 are found in the 0 6 serogroup strains which have rDNA RFLP patterns h, and h, (cluster D, Fig. 5 a) , whereas allozymes B62 and B63 occur in the 0 1 and 0 2 serogroups strains which have rDNA RFLP pattern h, (cluster A, Fig. 5a ). The electrophoretic distance between allozymes B57 and B62 could encompass several successive amino acid substitutions (Picard et al., 1987) and the difference between the rDNA RFLP patterns h, and h, concerns at least four rDNA fragments (Fig. 1) . Consequently, this agreement between esterase B polymorphism and rDNA polymorphism could reflect a clear and/or ancient genetic divergence between the 0 6 strains of cluster D and the 0 1 / 0 2 strains of cluster A. Lastly, some allozyme variations of esterases B and A correspond to minor changes in the rDNA pattern. For example, ribotypes h,-b, and h,-b, and allozymes A75 and A78 within the strains of cluster B occur independently. The difference in the rDNA RFLP patterns of h, and h2 also correspond to the presence of a single 7 kb rDNA fragment (Fig. 1) . These variations in the esterase A locus, or in the rDNA regions from one strain to another of the cluster B, could reflect minor and/or recent genetic events. The correlation between enzymes and rDNA polymorphism revealed in this study confirms that the difference in terms of size and number of fragments in the rDNA RFLP patterns is a genotypic method for evaluating the distance between strains or groups of strains (Picard-Pasquier et al., 1990; Picard et al., 1991) . The combination of these two types of polymorphism appears to provide a valuable, precise approach to the classification of bacterial strains that is suitable for taxonomical and epidemiological studies.
